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Abstract. We demonstrate that stability of r-modes in young rapidly rotating pulsars might be explained
if one takes into account strong medium modifications of the nucleon-nucleon interaction because of the
softening of pionic degrees of freedom in dense nucleon matter. Presence of the efficient direct Urca processes
is not required. Within our model the most rapidly rotating observed young pulsar PSR J0537-6910 should
have the mass ≥ 1.8M⊙.
PACS. 21.65.Cd , 26.60.-c, 71.10.Ay
Within the standard scenario of the neutron star (NS)
formation in the supernova explosion [1] the NS is typi-
cally formed rapidly rotating with an initial rotation fre-
quency νin ∼ 1kHz. However the majority of young pul-
sars (< 105 yr of age) have rotation frequencies less than
10 Hz, and the fastest young pulsar observed so far is
PSR J0537-6910 [2] with νyoungmax = 62 Hz and age 5 kyr.
An efficient mechanism allowing to decelerate the rotation
of a neutron star already at an early stage of its evolu-
tion concerns the r-mode instability predicted in [3], see
also review [4]. The r-mode oscillations lead to emission
of gravitational waves, which carry away most part of the
initial angular momentum of a star and the star rotation
decelerates rapidly. The r-mode amplitude would grow ex-
ponentially for any rotation frequency, if not a damping
because of a viscosity of warm neutron star matter [5].
The typical temperature in the interior of a pulsar of age
∼ 5 kyr is ∼ 2 ·107–5 ·108 K, depending on the mass of the
star and the cooling scenario, see [6]. However, the r-mode
instability proves to be strongest at higher temperatures
T ∼ 109 K. Hence, young pulsars have necessarily passed
through an instability phase during their early history.
Thus, to verify the r-modes instability scenario for the
star-rotation braking one should demonstrate that after
the instability phase the pulsar frequencies remain larger
than νyoungmax . Different mechanisms for suppression of the
instability were studied. Most attempts were spent to find
appropriate arguments to increase the values of shear and
bulk viscosities. Finally, it was concluded, e.g. see [4], that
the minimum value of the frequency at the r-mode stabil-
ity boundary νc(T ) is smaller than the value ν
young
max , if one
uses standard dissipation mechanisms only. The problem
proved to be even more serious after Ref. [7] demonstrated
that the lepton shear viscosity should be strongly sup-
pressed by in-medium polarization effects, compared to
the result of the previous calculation [8].
In this letter we investigate the r-mode stability of
young pulsars taking into account polarization effects in
nuclear matter, among which the most efficient is the soft-
ening of pionic degrees of freedom with an increase of the
nucleon density. This effect proves to be important in de-
scription of many phenomena in atomic nuclei, neutron
stars, and heavy-ion collisions [9]. In particular, incorpo-
rating the above effects, the “nuclear medium cooling” sce-
nario developed in [6,10,11] allows to fit all existing data
on the pulsar surface temperatures, including the recent
data on the cooling of the young pulsar in Cassiopea A.
We will incorporate mentioned effects in the r-mode dis-
sipation mechanisms. Also we include new contributions,
such as the neutrino shear viscosity in the neutrino trap-
ping region and radiative bulk viscosity calculated with
account for nucleon medium polarization effects.
The characteristic time scale of the r- mode amplitude
evolution is given by τ−1 = τ−1η + τ
−1
ζ − τ
−1
G , where τG
is the typical time of the gravitational radiation, τη de-
notes the relaxation time induced by the shear viscosity,
τζ stands for the relaxation time induced by the bulk vis-
cosity. The r-modes are unstable, if τ−1 < 0. The gravita-
tional time for the most unstable mode, which oscillation
frequency is related to the angular velocity of the pul-
sar (Ω = 2piν) as ω = 4Ω/3, is equal to [5] τ−1G = 6.4 ·
10−2 [Hz]R76Ω
6
4 ρcen/ρ0 , where R6 = R/(10
6 cm), Ω4 =
Ω/(104Hz) and ρ0 = mNn0 = 2.63·10
14 g/cm3 is the mass
density of the nuclear matter at saturation, with mN =
938 MeV being the nucleon mass in vacuum. The central
mass density of the star ρcen depends on the neutron star
mass. The damping times of the r-modes can be written
as [5] τ−1η = 6.0 · 10
−5 [Hz] 〈η20〉4 R
−2
6 ρ0/ρcen , and τ
−1
ζ =
2.2·10−7 [Hz]R46Ω
4
4〈ζ20 [1+0.86(r/R)
2]〉8(
M⊙
M )
2 ρ0
ρcen
,where
η20, ζ20 stand for the shear and bulk viscosities measured
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Fig. 1. Set of diagrams determining the MMU reactions.
in units of 1020 g/(cm·s). The angular brackets mean the
averaging
〈
. . .
〉
n
= R−(n+1)
∫ R
0 (. . .) r
n dr .
For the nucleon densities n > 0.6n0 we exploit the
HDD equation of state (EoS) constructed in[6] to be close
to the realistic Akmal-Pandharipande-Ravenhall (APR)
A18+δv+UIX∗ EoS [12] for densities n <∼ 4n0. On the
contrary to the APR EoS, the HDD EoS is causal for all
densities, producing the maximum massMmax ≃ 2.05M⊙,
being in agreement with observations [13]. As for the APR
EoS, the one-nucleon direct Urca (DU) processes with
electrons, n→ p+ e+ ν¯, start to contribute only for den-
sities n > 5n0, i.e., for stars with masses M > M
DU
c ≃
1.9M⊙. Dependence of the effective nucleon mass on the
nucleon density is parameterized [9] as m∗N ≈ m
∗
n ≈ m
∗
p ≈
[1 − 0.15(n/n0)
1/2]mN . For the density n ≃ 0.6n0 we
match the HDD EoS with the Friedman-Pandharipande-
Skyrme EoS [14] that we use for lower densities. As in all
previous papers discussing r-mode instability, we will use
a simplifying assumption of a homogeneous distribution
of the temperature in the star core.
For calculations of different partial contributions to
the neutrino emissivities and viscosities one often uses
the free one-pion exchange (FOPE) model or, sometimes,
the free nucleon-nucleon (NN) cross-section corrected by
Pauli blocking [7,15]. Alternatively we exploit here the
NN interaction constructed within the Fermi-liquid ap-
proach [16], wherein nucleon particle-hole excitations are
taken into account explicitly while other processes are in-
corporated as a phenomenologically parameterized resid-
ual interaction. Pionic modes are soft (mpi ≪ mN , mpi
is the pion mass). Therefore, they are treated explicitly
on equal footing with the nucleon particle-hole modes. As
the result, the main contribution to the NN interaction at
densities n >∼ n0 is given by the medium one-pion exchange
(MOPE), whereas the relative contribution of the residual
interaction diminishes with increasing density because of
polarization effects, see [9] and references therein.
Allowing for nucleon superfluidity in the star interior,
for the neutron and proton 1S0 pairing gaps we use same
parameterizations as in [6,11] (set I shown in Fig. 2 in [6]).
The critical temperature of the neutron triplet pairing was
argued [17] to be strongly reduced to the values ∼ 108 K
because of a medium-induced spin-orbit interaction. This
choice has been exploited in the nuclear medium cooling
scenario [6,11] and we continue to use it here.
For calculations of the r-mode damping times τη and
τζ we need shear and bulk viscosities. The bulk viscosity
is presented as the sum of three contributions, the colli-
sional term, the “soft-mode” term and the radiative term.
The collisional term, determined mainly by nn collisions
is found to be small. The soft-mode contribution to the
bulk viscosity is induced in pulsating medium by reac-
tions generated by charged weak currents. The radiative
bulk viscosity contributions prove to be of the same order
as the soft-mode ones.
Within the “minimal cooling” scenario [18] in the ab-
sence of the DU reactions, for M < MDUc , the most effi-
cient cooling processes in a non-superfluid part of a NS are
the modified Urca (MU) processes N +n→ N +p+ l+ ν¯l
and N + p+ l → N + n+ νl, for N = n, p and l = e, µ
−.
The soft-mode bulk viscosity due to the MU processes was
studied in [19,20], where the FOPE model of [15] was used
for the description of the NN interaction. The efficiency
of so-calculated MU processes (∼ 106 times less than that
would be for the DU processes) is insufficient to stabilize
the r-modes. Thus, the problem of the r-mode instability
becomes severe for the stars with masses M <MDUc .
In case when the NN interaction amplitude is mainly
controlled by the soft-pion exchange, the MU matrix el-
ement should be replaced by the matrix element for the
medium modified Urca (MMU) processes, which for densi-
ties n >∼ n0 are mainly determined by the diagrams shown
in Fig. 1. Here the bold wavy line depicts the in-medium
pion. The hatched vertices are dressed by NN correla-
tions. Calculations [10] show that the dominant contribu-
tions to the MMU rate come from the first two diagrams in
Fig. 1, whereas the third diagram, which would be a naive
generalization of the corresponding MU (FOPE) contri-
bution, gives only a small correction for n >∼ n0. We use
the same parameterization of the NN interaction, degree
of the pion softening, and contributions to the matrix el-
ement of the neutrino reactions as in [6,11]. With these
estimates, the bulk viscosity owing to the MMU reactions
increases by three to four orders of magnitude for densities
n ∼ 3n0, in accordance with the corresponding increase
of the neutrino emissivity of the MMU processes stud-
ied in [6,11]. For densities n > npic , there may appear a
pion condensate, as the consequence of enhancement of
the pion softening with a density increase. We consider
two possibilities: pion condensate appears at npic , and it
does not appear provided the pion softening saturates at
higher densities. The contribution to the bulk viscosity
owing to reactions on a charged pion condensate, — pion
Urca (PU) reaction, n + pi−c → n + l + ν¯l, — is included
in the case when the condensate appears, at the critical
density taken to be npic = 3n0, as in [6,11].
To illustrate the role of the pion softening, partial con-
tributions to the bulk viscosity from different reactions av-
eraged over the star density profile, 〈ζ
(r)
s.m.[1+0.86r2/R2]〉8,
are presented in Fig. 2a for MU, MMU, PU, and DU re-
actions as functions of the NS mass for the temperature
T = 109 K, but without account for pairing, and for the
r-mode frequency ω4 = 4/3. We see that for 1 <∼ M <
1.6M⊙ the main contribution to 〈ζs.m.〉8 comes from the
MMU processes. For M > 1.6M⊙ the PU process yields
the dominant contribution. Note that 〈ζ
(DU)
s.m. 〉8 < 〈ζ
(PU)
s.m. 〉8
even for the heaviest NS, since MDUc is rather close to the
maximum mass for our EoS. The MU and MMU contri-
butions depend on the temperature as ∝ T 6 and the PU
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Fig. 2. Panel (a): Partial contributions to the bulk viscosity
averaged over the star density profile, 〈ζ
(r)
s.m.(1 + 0.86r
2/R2)〉8,
from DU, MU, MMU, and PU reactions as functions of the NS
mass. Line 1 shows the contribution of the MMU reaction in
absence of the pion condensate and line 2, in its presence. Nu-
cleon pairing is not included. Panel (b): The profile-averaged
lepton 〈ηl〉4 and neutrino 〈ην〉4 shear viscosity terms, and the
averaged total bulk viscosity 〈ζ(1 + 0.86r2/R2)〉8, being cal-
culated for the neutrino MMU reactions, plotted as functions
of the temperature for several NS masses. Nucleon pairing is
included. Calculations are done for ω = (4/3) · 104 Hz.
and DU ones as ∝ T 4. All contributions depend on the
r-mode frequency as ∝ ω−2. Pairing effects do not change
the relative balance of partial contributions to ζs.m..
The energy can be dissipated not only via non-equi-
librium soft-mode processes but also by the neutrino radi-
ation. Hence, there is another source of the bulk viscosity,
the radiative viscosity. The latter term was studied only
recently in [21] for the MU and DU reactions only. We cal-
culated contributions to the radiative bulk viscosity from
MMU, PU and DU reactions. Smaller contributions come
from the processes on weak neutral currents, such as nu-
cleon bremsstrahlung reactions and nucleon pair breaking-
formation processes in superfluid regions. We found that
the radiative viscosity from MMU, PU and in-medium
nucleon bremsstrahlung processes demonstrates a strong
density dependence.
The shear viscosity contains several important con-
tributions. These are the terms from the lepton ηl and
neutron-neutron scattering, ηn, and the neutrino contri-
bution, ην , existing for temperatures, when neutrinos are
trapped in the star interior. The phonon contribution to
the shear viscosity is found to be small for our choice of
the pairing gaps.
The lepton shear viscosity term computed following
Ref. [7] proves to be by an order of magnitude smaller than
the term, computed previously in [8,22] and exploited in
many papers studying r-modes. In spite of this suppres-
sion, the lepton contribution to the shear viscosity proves
to be larger than the neutron one calculated with the free
NN cross-sections. In the regions with the proton pair-
ing the lepton term is enhanced [7]. We incorporate the
in-medium effects into NN interaction amplitude and re-
calculate the nucleon shear viscosity ηn, which turns to be
still smaller than the lepton one.
Neutrinos are trapped in the NS for temperatures above
the opacity temperature Topac and, hence, can contribute
to the shear viscosity. Such a contribution was not con-
sidered yet. Usually, Topac is defined as the temperature,
above which the neutrino mean free path λν(n¯, T ) at some
averaged nucleon density n¯ becomes less than the NS ra-
dius, λν(n¯, Topac) = R. Evaluation of the opacity temper-
ature with the MU processes [15] yields Topac ≃ 22 ·10
9 K
and this quantity weakly depends on the averaged density.
The account for the MMU reactions leads to a decrease of
Topac [10,9]. The above definition of Topac does not take
into account a strong density dependence of the MMU re-
actions, which makes possible that a dense interior is yet
opaque and a broad outer part is already transparent for
neutrinos. The radius of the region opaque for neutrinos is
determined from the condition λν(n(ropac), T ) = R−ropac.
The opacity temperature can now be defined as the tem-
perature, at which ropac = 0. The latter temperature
proves to be significantly smaller than the opacity tem-
perature introduced previously. We evaluate the neutrino
shear viscosity term with account for the pion-softening
effects in the neutrino mean free-path. Yet, for densities
n > npic the pion condensation processes contribute to the
neutrino shear viscosity and for the heaviest stars we add
the contribution from the DU processes.
In Fig. 2(b) we collect our results for shear and bulk
viscosities averaged over the star density profiles, as they
enter in times τη and τζ . The viscosities are computed with
account for the nucleon pairing and plotted as functions
of the temperature for various star masses. The main con-
tributions to the bulk viscosity come from the soft-mode
and radiative terms. The main contribution to the shear
viscosity is the lepton term for T <∼ 3 · 10
9 K. It decreases
with a temperature increase, and at T >∼ 4 ·10
9 K the neu-
trino contribution starts dominating for middle-heavy and
heavy neutron stars, whereas for the light neutron stars
(with a mass M ∼ M⊙) it happens at T >∼ 10
10 K. The
bulk viscosity rises rapidly with growth of the tempera-
ture and the NS mass. At temperatures above ∼ 2 · 109
for all star masses the bulk viscosity exceeds the shear vis-
cosity. For the heaviest stars the averaged bulk viscosity
is dominated by the PU and DU reactions, it exceeds the
shear viscosity term already at T > (2− 5) · 108 K.
The equation τ−1(νc) = 0 determines the critical ro-
tation frequency of a star. For frequencies larger than νc
the r-modes amplitude, a, rapidly grows unless non-linear
effects stabilize it at some maximal amplitude amax, for
smaller frequencies the r-modes are not excited. The r-
modes stability line on the temperature-frequency plane
(T, νc) with viscosities calculated within the nuclear medi-
um cooling scenario is shown in Fig. 3(a) for the star with
the mass 1.5M⊙. The newly born pulsar enters the plane
in the upper-right corner (point A). The heat transport to
the NS surface which includes the charged-lepton and nu-
cleon thermal conductivity, neutrino opacity, reheating by
the r-modes etc., delays the cooling process. The star tra-
jectory on the (T, νc) plane closely follows the critical line
νc(T ) between points A and B, provided the typical cool-
ing time is larger than the spin-down time ∼ 100s/a2maxν
6
3 ,
where ν3 = ν/10
3Hz. For amax ∼ 1 the point B with the
frequency νc,min corresponds to the minimum of νc as a
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Fig. 3. Panel (a): Critical rotation frequency for the r-mode
instability as a function of the star temperature for the star
mass 1.5M⊙. Panel (b): The minimal critical frequency of the
star stable rotation [point B in panel (a)] as a function of the
star mass, for different sets of reactions contributing to the
bulk viscosity. Dotted lines show rotation frequencies of three
most rapidly rotating pulsars.
function of T . Cooling further down, the star enters into
the r-mode stable region and its rotation frequency de-
creases at a much larger time scale determined by the
magnetic dipole radiation [path from B to C in Fig 3(a)].
So, to explain the observed fast rotation frequency of the
pulsar within this scenario the value of νc,min must be
larger than its current rotation frequency.
The quantity νc,min is shown in Fig. 3(b) as a func-
tion of the pulsar mass for different sets of neutrino reac-
tions contributing to the soft-mode bulk viscosity. Within
the minimal cooling scenario when in-medium effects are
not included [short dashed line in Fig. 3(b)], νc,min ex-
ceeds νyoungmax only for the masses M > 2.03M⊙ (when DU
reaction is already efficient), i.e. very close to the maxi-
mum mass, 2.05M⊙. However, if initially the star passes
through the instability region, the developed r-modes blow
off some part of the star matter. So, its final mass (in
point B) can hardly be very close to the maximum mass.
Alternatively, the experimental value of the frequency of
the pulsar PSR J0537-6910 could be explained within the
minimal cooling scenario, if one exploited EoS that allows
for a lower DU threshold density. Reference [23] involving
the data on ν˙ and ν presented arguments that within their
analysis the curve AB in Fig. 3(a) is shifted to the left for
the relevant values of the amplitude asat, that could also
allow to explain stability of PSR J0537-6910 within the
minimal cooling paradigm. Within the nuclear medium
cooling scenario, the DU processes are not needed to ex-
plain the stability of PSR J0537-6910. We explain it for
M > 1.80M⊙, if the MMU and PU processes are included
or for M > 1.84M⊙, if pion condensate is not formed.
Concluding, we re-calculated contributions to the shear
and bulk viscosities for all dissipation processes considered
previously and we included new processes. We computed
critical frequencies for the r-mode stability of rotating
neutron stars. The in-medium polarization effects such as
the Coulomb screening in the electron-muon plasma and
the softening of pionic degrees of freedom with an increase
of the nucleon density are incorporated. The latter effect
is the same as used in the nuclear-medium cooling sce-
nario applied successfully to the description of neutron
star cooling [6,11]. The stability of the most rapidly ro-
tating young pulsar PSR J0537-6910 is explained by the
efficient MMU reactions provided its mass M ≥ 1.8M⊙.
Presence of the DU reactions is not required. Within the
minimal cooling scenario the data on PSR J0537-6910 can
be explained only, if EoS allows for the efficient DU pro-
cesses. Finally, we should notice that there exist old pul-
sars in the LMXB sources, which have frequencies much
higher than PSR J0537-6910. It is commonly believed that
these pulsars are accelerated by accretion from the com-
panion stars. They should be treated separately.
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